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Abstract: We study the bounds on minimal lepton flavour violation in the context of
Type-III see–saw imposed by LHC Run I search for events which contain two charged
leptons (either electron or muons of equal or opposite sign), two jets from a hadronically
decaying W boson and large missing transverse momentum. In this scenario the flavour
structure of the couplings of the triplet fermions to the Standard Model leptons can be re-
constructed from the neutrino mass matrix and lepton number violation is very suppressed.
We find that using the information on charge and flavour of the leptons in the above final
state it is possible to unambiguously rule out this scenario with triplet masses lighter than
300 GeV at 95% CL. The same analysis allows to exclude triplet masses masses up to 480
GeV at 95% CL for normal ordering of neutrino masses and specific values of a Majorana
CP phase currently undetermined by neutrino physics.
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1 Introduction
Massive neutrinos are our first and only undoubted evidence of physics beyond the Stan-
dard Model (SM). The evidence arises from a variety of neutrino experiments which have
detected the effect of their mass via the flavour oscillation of neutrinos with energies rang-
ing between tens of keV and tens of GeV [1]. The obvious question that this observation
raises is that of the dynamics of the New Physics (NP) responsible for the neutrino mass.
It is well known that in the framework of effective operators for NP there is just one
dimension-five operator which can be built [2], O = α5/ΛLN LLLLHH, where LL and H
are the leptonic and Higgs SU(2)L doublets. This operator breaks total lepton number
and after electroweak symmetry breaking it generates Majorana masses for the neutrinos
mν ∼ α5v2/ΛLN , where v is the SM Higgs vacuum expectation value (vev). This explains
the lightness of the neutrino mass due to the large scale of total lepton number violation
ΛLN . In the simplest UV completions, this dimension-5 operator can be generated by
the tree-level exchange of three types of new states: lepton singlets in the Type–I see-saw
scenarios [3–6], a scalar triplet for the Type–II mechanisms [7–11], and lepton triplets for
Type–III models [12]. In any of these mechanisms the smallness of the neutrino mass can
be naturally explained with Yukawa couplings λ ∼ O(1) if the masses of the new states are
M ∼ ΛLN ∼ 1014−15 GeV. Notwithstanding consistent models of lower scale see–saw exist
in the literature for some time; see e.g. [13–15].
Given the energy range of the neutrino experiments it is clear that if the NP scale
is beyond ∼ GeV it is not possible to clarify its origin within the oscillation neutrino
experiments themselves. On the other hand, the high energy frontier is currently being
explored by the CERN Large Hadron Collider (LHC) which has been running for eight
years with a reach to NP at the TeV scale. So far no clear evidence of NP has been
observed at LHC which bears implications for models constructed to explain the neutrino
masses containing new states at the TeV scale.
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Generically the expected event rates at LHC in neutrino mass models depend not
only on the mass and weak charge of the new states involved, but also on the flavour
structure of their couplings which determines their decay modes. A priory, the decay
channels are arbitrary in most Type–I and Type–III see–saw models, making difficult to
derive unambiguous constraints on the NP scale in these scenarios [16, 17]. For example
searches for triplet leptons of the Type–III see–saw models have been performed both by
CMS [18–21] and ATLAS [22, 23] collaborations, however, most of these searches have been
carried out within the context of simplified models such as Ref. [24] and the derived bounds
can be evaded depending on which is the dominant decay mode of the triplet leptons.
One exception are see–saw models which extend the principle of minimal flavour viola-
tion to the leptonic sector. Minimal flavour violation was first introduced for quarks [25–27]
as a way to explain the absence of NP effects in flavour changing processes in meson de-
cays. The basic assumption is that the only source of flavour mixing in the full theory is
the same as in the SM, i.e. the quark Yukawa couplings. This idea was latter on extended
for leptons [28, 29] and in particular to TeV scale see–saw models [28–31].
From the point of view of LHC phenomenology minimal lepton flavour violation
(MLFV) see–saw models are attractive since, a) the new states can be light enough to
be produced at LHC, and b) their signatures are fully determined by the neutrino parame-
ters. As discussed in Ref. [30] scalar (Type-II) see–saw with light doublet-triplet mixing is a
light scale MLFV model by construction (for early study of their observability see for exam-
ple [32, 33]). In Ref. [30] simple MLFV models for fermionic see–saw were also presented.
In Type–I see–saw the new states are singlets under the SM gauge group, and therefore,
they can only be produced via their mixing with the SM neutrinos. This leads to small
production rates which makes the model only marginally testable at LHC. Type-III see–
saw fermions, on the contrary, are SU(2)L triplets with weak-interaction pair-production
cross section, and consequently, having the potential to allow for tests of the hypothesis of
MLFV.
In Ref. [34] we studied the potential of LHC to unravel the existence of triplet fermionic
states that appear in MLFV Type-III see–saw models of neutrino mass. Here, we obtain
the bounds on the NP scale of this scenario that originates from the ATLAS [22] searches
in the final state topology containing two charged leptons (electrons and/or muons), two
jets compatible with a hadronically decaying W and missing transverse momentum. This
ATLAS analysis is best suited for testing the MLFV scenario because it classifies the
final states in the different flavour and charge combinations, allowing to fully exploit the
predictions of the MLFV Type-III see–saw model. We find that using this ATLAS data
it is possible to unambiguously rule out the MLFV Type–III see–saw scenario with triplet
masses lighter than 300 GeV at 95% CL irrespective of the neutrino mass ordering and other
unknowns in the light neutrino sector, in particular of the so–far undetermined Majorana
CP violating phase. The same analysis allows to rule out triplet masses masses up to 480
GeV at 95% CL for normal order (NO) scenarios and specific values of that phase.
This paper is organized as follows. We first summarize in Sec. 2 the basics of the
MLFV Type-II see–saw model and we quantify the allowed range of the relevant couplings
controlling the triplet decay modes as derived from the present analysis of neutrino oscilla-
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tion data from Ref. [35]. Section 3 describes our simulation of signal events by the reaction
pp→ ll′jjνν with l(′) = e or µ in the context of the MLFV Type-III see–saw model. The
quantification of the bounds is presented in Sec. 4. In doing so we have put special empha-
sis and we have quantified how the information on flavour and charge information of the
produced leptons is important for maximal sensitivity to MLFV.
2 MLFV Type–III see–saw model
In Ref. [34] we introduced the simplest MLFV Type-III see–saw model which was adapted
from the Type-I one presented in Ref. [30]. For completeness we summarize here its main
features.
The particle contents of model is that of the SM extended with two fermion triplets
~Σ = (Σ1,Σ2,Σ3) and ~Σ
′ = (Σ′1,Σ′2,Σ′3), each one formed by three right-handed Weyl
spinors of zero hypercharge. Hence, the Lagrangian is
L = LSM + LK + LY + LΛ (2.1)
with
LK = i
(
~Σ/Dµ~Σ + ~Σ′/Dµ~Σ′
)
, (2.2)
LY = −Y †i LwLi
(
~Σ · ~τ
)
φ˜− Y ′†i LwLi
(
~Σ′ · ~τ
)
φ˜+ h.c. , (2.3)
LΛ = −Λ
2
(
~Σc~Σ′ + ~Σ′c~Σ
)
− µ
2
~Σ′c~Σ′ − µ
′
2
~Σc~Σ + h.c. . (2.4)
Here ~τ are the Pauli matrices, the gauge covariant derivative is defined as Dµ = ∂µ + ig ~T ·
~Wµ, where ~T are the three-dimensional representation of the SU(2)L generators, φ stands
for the SM Higgs doublet field, and Lwi = (ν
w
i , `
w
i )
T are the three weak eigenstate lepton
doublets of the SM. The parameters , µ and µ′ are flavour-blind and small, i.e., the scales
µ and µ′ are much smaller than Λ and v while  1.
The Lagrangian in Eq. (2.1) breaks total lepton number due to the simultaneous pres-
ence of the Yukawa terms Yi and Y
′
i as well as to the existence of the µ and µ
′ terms.
Thus in the limit µ, µ′,  → 0 it is possible to define a conserved total lepton number by
assigning L(Lw) = L(Σ) = −L(Σ′) = 1. Without any loss of generality one can work in
a basis in which Λ is real while both Y and Y ′ are complex. In general the parameters µ
and µ′ would be complex, but for the sake of simplicity we take them to be real in what
follows though it is straight forward to generalize the expression to include the relevant
phases [36].
After electroweak symmetry breaking, in the unitary gauge, the leptonic mass matrices
are
Lm = −1
2
(
~νwL
c
N˜R N˜ ′R
)
M0
 ~νwLN˜ cR
N˜ ′cR
− ( ~`wL EL E′L)M±
 ~`wRER
E′R
+ h.c. (2.5)
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Figure 1. Allowed ranges of the Yukawa couplings |Y˜e|2 ≡ |Y1|2/y2 and |Y˜µ|2 ≡ |Y2|2/y2 obtained
from the global analysis of neutrino data in Ref. [35]. The upper four panel shows the values of
the couplings as a function of the unknown Majorana phase α. The correlation between the two
couplings is shown in the two lower panels. The left (right) panels correspond to normal (inverted)
ordering. The dotted line corresponds to the best fit values. The ranges in the filled green, red and
yellow areas are shown at 1σ, 2σ, and 3σ with 1 dof (∆χ2 = 1, 4, 9 respectively).
with
M0 =
 0
v√
2
Y T  v√
2
Y ′T
v√
2
Y µ′ Λ
 v√
2
Y ′ Λ µ
 and M± =

v√
2
Y ` vY † vY ′†
0 µ′ Λ
0 Λ µ
 , (2.6)
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where Y ` are the charged lepton Yukawa couplings of the SM. ~νw and ~`w are column
vectors containing respectively the three neutrinos and charged leptons of the SM in the
weak basis. The charge eigenstates Dirac fermions E and E′ and the neutral Majorana
fermions N˜ and N˜ ′ are defined in terms of the triplet states, Σ(′)± =
1√
2
(
Σ
(′)
1 ∓ iΣ(′)2
)
, and
Σ
(′)
0 = Σ
(′)
3 , as
E(′) = Σ(′)− + Σ
(′)
+
c
N˜ (′) = Σ(′)0 + Σ
(′)
0
c
. (2.7)
The mass basis is composed of:
• Three light Majorana neutrinos νi (with the lightest one being massless) and three
light charged leptons leptons `i with masses
mdiagν = V
νT
[
− v
2
2Λ

[(
Y ′ − 1

µ
2Λ
Y
)T
Y + Y T
(
Y ′ − 1

µ
2Λ
Y
)]]
V ν , (2.8)
mdiag` =
v√
2
V `
†
RY
`†
[
1− v
2
2Λ2
Y †Y
]
V `L , (2.9)
where V ν and V `L,R being 3× 3 unitary matrices and in general, one can choose the
flavour basis such that V `L = V
`
R = I.
• Two charged heavy leptons, E−1 and E+2 , both with masses M ' Λ(1∓ µ+µ
′
2Λ ).
• Two heavy Majorana neutral leptons and two charged heavy leptons also with masses
M ' Λ(1∓ µ+µ′2Λ ) with which we build a quasi-Dirac heavy state N .
The relation between the weak and mass eigenstate to first order in the small param-
eters µ, µ′ and  is:
νwL = V
ννL +
v√
2Λ
Y †NL +
v√
2Λ
(
Y ′† −
(
3µ+ µ′
4Λ
)
Y †
)
N cR , (2.10)
`wL = `L +
v
Λ
Y †E−1L +
v
Λ
(
Y ′† −
(
3µ+ µ′
4Λ
)
Y †
)
E+c2R , (2.11)
`wR = `R , (2.12)
N˜L = N
c
R −
(
µ− µ′
4Λ
)
NL − v√
2Λ
(
Y ′ − µ
Λ
Y
)
V ννL , (2.13)
N˜ ′L = NL +
(
µ− µ′
4Λ
)
N cR −
v√
2Λ
Y V ννL , (2.14)
EL = E
+c
2R −
(
µ− µ′
4Λ
)
E−1L −
v
Λ
(
Y ′ − µ
Λ
Y
)
`L , (2.15)
ER = E
−
1R −
(
µ− µ′
4Λ
)
E+c2L , (2.16)
E′L = E
−
1L +
(
µ− µ′
4Λ
)
E+c2R −
v
Λ
Y `L , (2.17)
E′R = E
+c
2L +
(
µ− µ′
4Λ
)
E−1R . (2.18)
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From the above relations it follows that the neutral weak interactions of the light states
take the same form as that on the SM and the charged current interactions involve a 3x3
unitary matrix ULEP = V
ν which after phase redefinition of the light charged leptons, can
be chosen
ULEP = =
1 0 00 c23 s23
0 −s23 c23

 c13 0 s13e−iδCP0 1 0
−s13eiδCP 0 c13

 c21 s12 0−s12 c12 0
0 0 1

e−iα 0 00 eiα 0
0 0 1
 , (2.19)
where cij ≡ cos θij and sij ≡ sin θij . The angles θij can be taken without loss of generality to
lie in the first quadrant, θij ∈ [0, pi/2] and the phases δCP, α ∈ [0, 2pi]. The leptonic mixing
matrix contains only one Majorana phase because there are only two heavy triplets and
consequently only two light neutrinos are massive while the lightest one remains massless.
Also notice that unitarity violation in the charged current and flavour mixing in the neutral
current of the light leptons in generated at higher order [36–38].
This model is MLFV because one can fully reconstruct the neutrino Yukawa coupling
Y and the combination Ŷ ′ = Y ′ − 1 µ2ΛY from the neutrino mass matrix [30] (up to two
real normalization factors y and yˆ′) as follows:
NO (m1 = 0 < m2 < m3) IO (m3 = 0 < m1 < m2)
r =
∆m221
∆m232
r = −∆m221
∆m231
ρ =
√
1+r−√r√
1+r+
√
r
ρ =
√
1+r−1√
1+r+1
m2,3 =
yŷ′v2
Λ (1∓ ρ) m1,2 = yŷ
′v2
Λ (1∓ ρ)
Ya =
y√
2
(√
1 + ρ U∗a3 +
√
1− ρ U∗a2
)
Ya =
y√
2
(√
1 + ρ U∗a2 +
√
1− ρ U∗a1
)
Ŷ ′a = ŷ
′√
2
(√
1 + ρ U∗a3 −
√
1− ρ U∗a2
)
Ŷ ′a = ŷ
′√
2
(√
1 + ρ U∗a2 −
√
1− ρ U∗a1
)
(2.20)
We plot in Fig. 1 the ranges of the Yukawa couplings |Y˜e|2 ≡ |Y1|2/y2 and |Y˜µ|2 ≡
|Y2|2/y2 obtained by projecting the allowed ranges of oscillation parameters from the global
analysis of neutrino data [35] using Eqs. (2.20). In the first and second rows we plot the
ranges of the Yukawa couplings as a function of the unknown Majorana phase α while the
lower row shows the correlation between the electron and muon Yukawa couplings. This
figure illustrates the quite different allowed ranges and correlation of the electron and muon
Yukawa couplings in the two orderings. As a curiosity we notice that in NO the dependence
of the range of |Ye| on α is driven by the present hint of δCP ∼ 270◦ in the oscillation data
analysis [35] because α enters via Re(Ue3U
∗
e2) ∝ cos(α+ δCP).
In what respects the interactions of the heavy states, as discussed in Ref. [34], lepton
number violating couplings appear due to O(, µ/Λ, µ′/Λ) mixings and mass splittings in
the heavy states, that are, by hypothesis, very suppressed in MLFV models. This renders
the lepton number violating processes involving heavy fermions unobservable at LHC, at
a difference with the non MLFV scenarios for Type–III see–saw for which ∆L = 2 final
states constitute a smoking gun [39, 40]. Consequently in what follows we concentrate in
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the lepton conserving interaction Lagrangian with Λ = M being the common mass of the
heavy states:
LW = −g
(
E−1 γ
µNW−µ −NγµE+2 W−µ
)
+ h.c.
−g
(
1√
2
Ka`aLγ
µNLW
−
µ + K˜aνaLγ
µE+2LW
−
µ
)
+ h.c. (2.21)
LZ = gCW
(
E−1 γ
µE−1 Zµ − E+2 γµE+2 Zµ
)
+
g
2
√
2CW
(
1√
2
K˜aνaLγ
µNLZµ +Ka`aLγ
µE−1LZµ
)
+ h.c. (2.22)
Lγ = e
(
E−1 γ
µE−1 Aµ − E+2 γµE+2 Aµ
)
(2.23)
Lh0 =
gM√
2MW
(
1√
2
K˜aνaLNR +Ka`aLE
−
1R
)
+ h.c. . (2.24)
where cW stands for the cosine of the weak mixing angle and the lepton number conserving
couplings of the heavy triplet fermions are
Ka = − v√2M Ya
∗ , K˜a = U∗LEP caKc , (2.25)
which verify
3∑
a=1
|Ka|2 =
3∑
a=1
|K˜a|2 = y
2v2
2M2
. (2.26)
Notice that flavour structures of the couplings K and K˜ are fully determined by the low
energy neutrino parameters. Their strengths are, however, arbitrary as they are controlled
by the normalization factor yv/M while it is the combination yŷ′/M what is fixed by the
neutrino masses.
From these interactions we can obtain the decay widths of the heavy states [41]:
Γ
(
N → `−aW+
)
=
g2
64pi
|Ka|2 M
3
M2W
(
1− M
2
W
M2
)(
1 +
M2W
M2
− 2M
4
W
M4
)
,
Γ (N → νaZ) = g
2
128pic2w
|K˜a|2M
3
M2Z
(
1− M
2
Z
M2
)(
1 +
M2Z
M2
− 2M
4
Z
M4
)
,
Γ
(
N → νah0
)
=
g2
128pi
|K˜a|2 M
3
M2W
(
1− M
2
h0
M2
)2
, (2.27)
Γ
(
E+2 → νaW+
)
=
g2
32pi
|K˜a|2 M
3
M2W
(
1− M
2
W
M2
)(
1 +
M2W
M2
− 2M
4
W
M4
)
,
Γ
(
E−1 → `−a Z
)
=
g2
64pic2W
|Ka|2M
3
M2Z
(
1− M
2
Z
M2
)(
1 +
M2Z
M2
− 2M
4
Z
M4
)
,
Γ
(
E−1 → `−a h0
)
=
g2
64pi
|Ka|2 M
3
M2W
(
1− M
2
h0
M2
)2
.
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Therefore, using Eq. (2.26) the total decay widths for the three triplet fermions F =
N,E−1 , E
+
2 are
ΓTOTF =
g2M3
64piM2W
y2v2
M2
(1 + FF (M)) (2.28)
where FF (M) → 0 for M  mh0 ,MZ ,MW . Consequently, the arbitrary y factor cancels
out in the branching ratios. Furthermore the branching ratio in a final state with a charge
lepton (neutrino) of flavour α produced in the vertex of the heavy state decay is proportional
to |Y˜α|2 (|(ULEPY )α|2) times a kinematic factor depending solely on M .
Unlike in a general Type–III see–saw model for which the branching ratio of N or
E±i into a light lepton of a given flavour can be negligibly small, for the MLFV Type–
III see–saw model the branching ratios in the different light lepton flavours are fixed by
the neutrino physics and are non-vanishing as can be seen from Fig. 1 and Eqs. (2.27).
This makes the flavour composition of the final states in any decay chain of the heavy
leptons to be fully determined given a neutrino mass ordering. Consequently in the narrow
width approximation the only free parameters in the model are the mass of the states
and the Majorana phase α, making the model more unambiguously testable. Conversely,
as discussed in Ref. [34] in this MLFV Type-III model the values of the neutrino masses
imply a lower bound on the total decay width of the triplet fermions as a consequence
of the hierarchy between the L-conserving and L-violating y and ŷ′ constants. So their
decay length is too short to produce a detectable displaced decay vertex signature [42, 43]
at difference with other see–saw models [32, 39, 40, 44].
In order to simulate the expected signals in this MLFV Type–III see–saw model we have
implemented the Lagrangian in Eqs. (2.21)–(2.24) using the package FeynRules [45, 46].
We have made available the corresponding model files at the corresponding URL [47].
3 Case study: pp→ ll′jjνν
In order to study the sensitivity of LHC Run I to MLFV Type–III see–saw signatures
we will use the event topologies studied by ATLAS in Ref. [22] which contain two charged
leptons (either electron or muons), two jets from a hadronically decaying W boson and large
missing transverse momentum. ATLAS used these topologies to search for heavy fermions
in the context of the simplified Type–III see–saw model as implemented in Ref. [24]. They
presented their results as number of events for the six different flavour and charge lepton
pair combinations: same sign (SS) and opposite sign (SS) ee, µµ and eµ. Using those
they obtain bounds on the triplet mass which depend on the decay branching ratio into
the different flavours. In particular for triplets decaying mostly into τ ’s no bound can be
derived.
On the contrary, as stressed in the previous section, in the MLFV scenario the flavour
and lepton number of the final states produced in the heavy fermion decay chain is very
much constrained. Thus having the final states classified in the different flavour and charge
combinations makes the result in Ref. [22] best suited for testing the MLFV scenario as we
quantify next.
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3.1 Contributing subprocesses
Let us start by listing the possible subprocesses contributing to the different flavour and
charge combinations in the MLFV Type–III see–saw model. They all proceed by the pro-
duction of a pair of heavy triplet states and their subsequent decay. The pair production
of the fermion triplets takes place via gauge interactions, and, therefore, it depends exclu-
sively upon the mass of the new states. On the other hand, the branching ratios of these
fermions into the final states described in the previous section depend upon the Yukawa
couplings Y˜a which vary in the different subprocesses:
• p p → E−1 N˜ , ( E−1 → l−a Z , Z → ν ν ) ( N˜ → l+b W− , W− → j j ):
Using interactions in (2.21)–(2.22) it is easy to show that the production cross section
for this process is proportional to |Ka|2 |Kb|2. Therefore, as discussed in the previous
section, in the narrow width approximation the production cross section for this
process and its charge conjugated one can be factorized as
σ1(M)ab |Y˜a|2 |Y˜b|2. (3.1)
• p p → E+2 N˜ , ( E+2 → νc W+ , W+ → j j ) ( N˜ → l+a W− , W− → l−b νc ):
whose production cross section is proportional to |Ka|2|K˜c|2. So in the narrow width
approximation and after summing over the νc flavour using Eq. (2.26) the cross section
for this process and its charge conjugated one can be written as
σ2a(M)ab |Y˜a|2 . (3.2)
• p p → E+2 N˜ , ( E+2 → νc W+ , W+ → l+b νb ) ( N˜ → l+a W− , W− → j j ):
and the respective charge conjugate process possess a cross section proportional to
|Ka|2|K˜c|2. As before, in the narrow width approximation and after summing over
the νc flavour we parametrize the production cross section as
σ2b(M)ab |Y˜a|2 . (3.3)
• p p → E+2 N˜ , ( E+2 → νc W+ , W+ → j j ) ( N˜ → νd Z , Z → l−a l+a ):
and its charge conjugate process with cross section proportional to |K˜c|2|K˜d|2 that
after summing over the neutrino flavours c and d reads
σ2c(M)aa . (3.4)
• p p → E+1 E−1 , ( E+1 → l+a Z , Z → j j ) ( E−1 → l−b Z , Z → νc νc ) ,
p p → E+1 E−1 , ( E+1 → l+a Z , Z → νc νc ) ( E−1 → l−b Z , Z → j j ) :
with cross section
σ3(M)ab |Y˜a|2|Y˜b|2 . (3.5)
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Altogether the cross section of each OS flavour channel is given by:
σOSee ≡ [σ1(M)ee + σ3(M)ee] |Y˜e|4 + σ2a(M)ee|Y˜e|2 + σ2c(M)ee ,
σOSeµ ≡ [σ1(M)eµ + σ1(M)µe + σ3(M)eµ + σ3(M)µe] |Y˜e|2|Y˜µ|2
+σ2a(M)eµ|Y˜e|2 + σ2a(M)µe|Y˜µ|2 , (3.6)
σOSµµ ≡ [σ1(M)µµ + σ3(M)µµ] |Y˜µ|4 + σ2a(M)µµ|Y˜µ|2 + σ2c(M)µµ ,
while for SS lepton final state
σSSee ≡ σ2b(M)ee|Y˜e|2 ,
σSSeµ ≡ σ2b(M)eµ|Y˜e|2 + σ2b(M)µe|Y˜µ|2 , (3.7)
σSSµµ ≡ σ2b(M)µµ|Y˜µ|2 .
3.2 Simulation of the expected event rates
In our analysis, we first simulated the above parton level signal processes with MadGraph
5 [48]. We then used PYTHIA 6.4 [49] to generate the parton shower and hadroniza-
tion. Finally we performed a fast detector simulation with DELPHES 3 [50] with jets
being reconstructed using the anti-kT algorithm with a radius R = 0.4 with the package
FASTJET [51].
In order to reproduce the ATLAS event selection corresponding to the searches in
Ref. [22] we required that the events contain exactly two leptons (muons and/or electrons),
a minimum of two jets and no b-tagged jet. In the case of OS (SS) leptons the leading
lepton must have transverse momentum (pT ) in excess of 100 (70) GeV with the next-to-
leading lepton pT larger than 25 (40) GeV. In addition we imposed the invariant mass of
the two leptons to be larger than 130 and 90 GeV for OS and SS events respectively. We
also demanded the pT of two leading jets to be larger than 60 (40) and 30 (25) GeV for the
OS (SS) final state. Moreover, to characterize the presence of a hadronically decaying W
in the event the invariant mass of the leading jet pair was required to be between 60 and
100 GeV, and for OS events we require the two leading jets to satisfy ∆Rjj < 2. Finally,
we only selected events presenting missing transverse energy in excess of 110 (100) GeV
for OS (SS) events. We implement the above selection in MadAnalysis5 [52].
In order to tune our calculations we first simulated the signal for the Type-III see–saw
model of Ref. [24] which is the one used in the ATLAS analysis. By comparing our number
of expected events with the ones obtained by ATLAS in Fig. 2 of [22] for the OS and
SS final states presenting ee, eµ and µµ pairs, we extract overall multiplicative correction
factors for each of these final states such that our fast simulation agrees with the one of
ATLAS. To validate our procedure we verified that our tuned Monte Carlo reproduces the
missing transverse momentum distribution presented in Fig. 1 of [22]. We then apply these
correction factors in the evaluation of the expected number of events of the MLFV type-III
see-saw model.
Concerning backgrounds, the dominant contribution comes from the production of
dibosons (WW ,WZ,ZZ), Z plus jets, top pairs and single top in association with a W . In
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Figure 2. Cross section factors for the different contributions to the event topologies as a function
of the triplet mass M as defined in Eqs. (3.1)–(3.5) after inclusion of our simulation of the selections
of Ref. [22] (see text for details).
addition there are also background events that stems from misidentification of leptons. In
our analysis we directly use the background rates estimated by ATLAS [22].
Figure 2 depicts the resulting cross section factors σ1, σ2a, σ2b, and σ3 introduced in
Eqs. (3.1)–(3.5), for the events passing the selection cuts and after applying the tuning
correction factors. The results are shown as a function of the new fermion mass and for the
different lepton flavor combinations and a center-of-mass energies of 8 TeV 1 . From this
figure we can see that the four possible leptonic final states (ee, µµ, eµ, and µe) have similar
cross section factors for masses larger than 300 GeV, however, closer to the threshold the
detection and acceptance efficiencies induce differences among the leptonic final states. In
the case of σ2a both leptons originate from the decay of a single triplet fermion, therefore
reducing the acceptance at small masses due to the OS lepton pair invariant mass cut.
Weighting these cross section factors with the different combination of Yukawa cou-
plings as in Eqs. (3.6) and (3.7) and times the luminosity we predict the signal event rates
1σ2c is vanishing small since the event selection vetoes the presence of on-shell Z’s.
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in the different flavour and charge combinations of the final lepton pair. For example in
Figs. 3 and 4 we present the event rate prediction as a function of the unknown Majorana
phase α for a triplet mass of 300 GeV, an integrated luminosity of 20.3 fb−1 and normal
ordering and inverted ordering respectively. As seen in Fig. 3 for NO, the expected number
of ee events is very small for both OS and SS channels. Nevertheless, a considerable number
of events containing muons is expected except for α/pi around 1. This is so because for NO
|Y˜µ| is much larger than |Y˜e| as can be seen from Fig. 1. For IO we see in Fig. 4, as could
be anticipated from Fig. 1, that the expectations in all flavor channels vary appreciably
with the Majorana phase α. However, the strong correlation between |Y˜e| and |Y˜µ| in IO
– depicted in the right bottom panel of Fig. 1 – guarantees a sizable number of events for
almost the entire α range with the signal being dominated by the channels eµ and µµ for
OS leptons and the channel eµ for SS leptons.
4 Analysis: Results and Discussion
In order to quantify the bounds on the MLFV Type–III see–saw scenario we build the
likelihood function using the six data points associated to the events with ee, eµ and µµ
leptons of either SS or OS. As discussed in the previous section, we make direct use of the
corresponding background estimate by ATLAS which we read from Fig. 2 and Table I of
Ref. [22] and that summarize here for completeness:
OS ee SS ee OS µµ SS µµ OS eµ SS eµ total OS total SS
Ndat 9 3 3 1 13 0 25 4
N bck 8.5 1 9.5 0.5 13 1.65 31.0± 7.7 3.15± 0.8
According to Ref. [22] the reported background errors in the table and figure include
both the statistical and systematic uncertainties. Comparing the read out of these un-
certainties for each of the six individual channels with the total reported in the table we
conclude that the ∼ 25% background uncertainty is strongly correlated among the different
channels as the total background uncertainty comes to be very close to the arithmetic sum
of the individual ones, while if they were totally uncorrelated one would expect it to be
the quadratic sum.
So we build the likelihood function as
− 2L6d = χ26d = min
ξ
2 ∑
i=1,6
[
(1 + ξ)N bcki +N
mod
i −Ndati log
Ndati
(N bcki +N
mod
i )
]
+
ξ2
0.252

(4.1)
where we account for the background uncertainty by introducing a unique pull ξ with
an uncertainty of 25%2. Nmodi is the predicted contribution to the number of events in
channel i from the triplet production and decays which depends on the triplet mass and
the neutrino parameters as discussed in the previous section. In building the likelihood
2 We have verified that including several pulls for the different source of background and smaller uncer-
tainties each does not have any significant impact in the results.
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Figure 3. Expected number of signal events at
√
s = 8 TeV and an integrated luminosity of 20.3
fb−1, in each of the six flavour-charge combinations for a triplet mass of M = 300 GeV and for
neutrino parameters corresponding to the NO. The conventions are the same as in Fig.1.
(4.1) we have used Poisson statistics to account for the small number of events in each
channel.
We plot as full lines in Fig. 5 the dependence of χ26d on the triplet mass after marginal-
ization over the neutrino parameters (including the unknown Majorana phase α) over the
95% CL allowed values from the neutrino oscillation analysis for either NO or IO. First
thing to notice is that in the SM (Nmodi =0, which can be inferred from the large M limit
in the figure) we find χ26d,SM = 11.8 which is a bit high for 6 data points. This is mostly
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Figure 4. Same as Fig. 4 for IO.
driven by the OS µµ channel for which 3 events are observed when about 10 are expected
in the SM. From this figure we also read that requiring χ26d − χ26d,SM < 4 we can infer
an absolute bound on the triplet mass of 300 GeV (375 GeV) for NO (IO) light neutrino
masses.
In order to stress the importance of the flavour and charge information on the possi-
bility of imposing this bound, we have constructed the corresponding likelihood function
summing the information from all the channels. As in this case the total number of observed
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Figure 5. Triplet mass dependence of the χ2 functions of the analysis of pp→ ll′jjνν events with
l, l′ being either e or µ of either charge observed in the LHC Run-I in ATLAS [22] when analyzed
in the context of MLFV Type–III see–saw model. The full lines correspond to the likelihood
function constructed including the full information given on flavour and charge of the final states
(see Eq. (4.1)) while the dashed lines are obtained from the analysis of the total data summing over
charge and flavour. The triplet couplings have been marginalized within the ranges allowed at 95%
CL by the neutrino oscillation data analysis in Ref. [35] for NO (blue lines) and IO (purple lines)
and for any value of the Majorana phase α.
events is large enough, we assume gaussianity. So we define:
χ2tot =
(N tot,bck +N tot,mod −N tot,dat)2
N tot,dat + (0.25N tot,bck)2
. (4.2)
The dependence of χ2tot on the triplet mass after marginalization over the neutrino param-
eters (including the unknown Majorana phase α) over the 95% CL allowed values from the
neutrino oscillation analysis (∆χ2osc ≤ 4) for either NO or IO is shown as dashed lines in
Fig. 5. As the deficit in OS µµ is compensated by the slight excesses in other channels, we
find that in this case the SM gives a perfect description of the total observed event rates
(χ2tot,SM=0.25). The figure clearly illustrates the relevance of flavour and charge informa-
tion, as in this case the condition χ2tot−χ2tot,SM < 4 does result into no bound on the triplet
mass for NO neutrino masses while it rules out only M < 260 for IO.
The dependence of the bounds on the unknown phase α is displayed in Fig. 6. The
full red regions are excluded values of triplet masses in the MLFV scenario at 95% CL
(χ26d − χ26d,SM > 4) when marginalizing over the oscillation parameters within the 95%
CL allowed values by the oscillation analysis in NO (left) and IO (right) for each value of
α. The α marginalized bound discussed above correspond to the lightest allowed masses
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in these panels which for NO (M > 300 GeV) correspond to α = pi while for α = 0, 2pi
the bound strengthens to M > 480 GeV. For IO the dependence of the bound on α is
weaker. The marginalized bound M > 380 GeV corresponds to α ∼ 3pi/4, 3pi/2 but it is
close to that value for almost all values of alpha. The strongest bound of M > 430 GeV
corresponds also to α = 0, 2pi.
Figure 6. 95% excluded triplet mass in the MLFV Type–III see–saw scenario as a function of the
unknown phase α from the analysis of pp → ll′jjνν events with l, l′ being either e or µ of either
charge observed in the LHC Run-I in ATLAS [22]. The full regions correspond to the likelihood
function constructed including the full information given on flavour and charge of the final states
(see Eq. (4.1)) while the hatched ones are obtained from the analysis of the total data summing
over charge and flavour (see Eq. (4.2)). The triplet couplings have been marginalized within the
ranges allowed at 95% CL by the neutrino oscillation data analysis in Ref. [35] for NO (left) and
IO (right).
The hatched regions are the corresponding constraints obtained using only the infor-
mation on the total number of events (χ2tot−χ2tot,SM > 4) summed over flavour and charge
of the final leptons. This figure illustrates again how using the flavour and charge informa-
tion allows to impose stronger bounds on this scenario, in particular allowing to rule out
triplet masses irrespective of α for both orderings while for NO no bound can be imposed
for 70◦pi . α . 250◦ if only the total number of events is considered.
In summary, we have shown how the analysis of the events containing two charged
leptons (either electron or muons), two jets from a hadronically decaying W boson in the
Run I with the ATLAS detector [22] can be used to impose constraints on the MLFV Type
III see–saw scenario. Because of MLFV, the expected event rates in the different flavour
and charge combinations of the two leptons are constrained by the existing neutrino data
so the bounds cannot be evaded. For this reason it is possible to use this data to rule
out these scenario with triplet masses lighter than 300 GeV at 95% CL irrespective of the
neutrino mass ordering and of the value of the unknown Majorana phase parameter. The
same analysis allows to rule out triplet masses masses up to 480 GeV at 95% CL for NO
and α = 0, pi. We have stressed and quantified how the information on flavour and charge
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information of the produced leptons is important for maximal sensitivity to MLFV.
We finish by commenting that extended sensitivity to MLFV with heavier triplets
should be attainable with the data already accumulated from Run II in the same or other
event topologies. For example by the analysis of the multilepton final states in CMS in
Ref. [19] which, so far, has been performed only in the context of the simplified Type–III
see–saw model. Nevertheless, as previously stressed to do so it is important to make use of
the flavour and charge of final state leptons which has not been made public yet. To this
aim, we have made available the model files for the MLFV Type-III see-saw [47].
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